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Operating characteristics of the Langley Mach 7 Scramjet Test Facility are 
described. The facility is designed for testing airframe-integrated scramjet 
(supersonic onnbustion ramje t) engine models and has certain features not 
usually required in conventional aerodynamic wind tunnels. These features 
include duplication of the flight Mach number total enthalpy# flight altitude 
simulation, and simulation of engine-airframe integration effects such as vehi- 
cle bow-shock wave precompression and boundary-layer ingestion by the engine. 
Data obtained during facility calibration and during tests of a hydrogen- 
burning, airframe-integrated scramjet are discussed. An adverse interaction 
between the facility flow and the scramjet-engine flow during combustion of the 
fuel is described, and a solution to this problem is presented. Nominal stagna- 
tion conditions of the electric-arc-heated airflow were 2.89 MN/m^ (28.5 atm) 
and 2180 K (3925^8), and the free jet exit Mach number was 6.08. 


INTRODUCTION 

The airframe-integrated scramjet (supersonic combustion ramjet ) (fig. 1) 
is the subject of extensive research at NASA Langley Research Center. Analyti- 
cal studies (refs. 1 and 2) have indicated that this fixed-geometry, hydrogen- 
burning engine has potential for high thrust and efficiency with low drag, 
weight, and cooling requirements, especially at flight Mach numbers above 6. 
Other analytical studies (refs. 3 and 4) have explored the structural and 
regenerative cooling systems necessary for flight-weight scramjets of this type. 
Experimental research is currently in progress using subscale, boilerplate 
engines in wind-tunnel facilities adapted to airframe-integrated scramjet 
research. Two hydrogen-burning engine models have been fabricated (ref. 5) , and 
initial tests have been conducted in ground facilities at conditions simulating 
flight at Mach numbers near 4 and 7. (See ref. 6.) 

The ground facilities used in these tests are unique in that certain fea- 
tures must be included which are usually unnecessary in conventional aerodynamic 
test facilities. First, the air total enthalpy corresponding to the flight 
Mach number has to be duplicated and a reasonable flight altitude simulated so 
that pressures, temperatures, and velocities in the scramjet combustor duplicate 
flight conditions. Second, simulation of the integration of the engine with the 
flight vehicle must be achieved. This is accomplished by simulating the air- 
craft bow-shock precompression and the ingestion of the vehicle undersurface 
boundary layer. The shock precompression is simulated by testing at a scramjet 
inlet Mach number (i.e., the facility nozzle exit Mach number) which duplicates 
the Mach number after the bow-shock precorapression of a vehicle forebody but at 
an airflow total temperature which duplicates the flight Mach number total 
enthalpy. Flight engine boundary-layer ingestion is simulated by mounting the 
scramjet model in the test section such that a portion of the facility nozzle 
boundary layer is ingested by the model. 





The aft iindecaurface of the flight vehicle provides a portion of the 
engine exhaust nozzle# but no simulation of this configuration was attempted 
during the present tests. The ratio of the exit area to the inlet area of a 
typical scramjet engine is 3.5# but# without vehicle undersurface simulation 
in ground facility tests# this area ratio has been unity. Size of the test 
engines is limited by facility size# mass flow-rate capability# and dc power 
supply available to heat the test air to the desired total enthalpy. 

This report is concerned with the Langley Mach 7 Scramjet Test Facility# 
at which the initial tests of the airframe-integrated scramjet model were con- 
ducted. This is an electric-arc-heated facility capable of nominal airflow 
test conditions duplicating Mach 7 flight enthalpy and simulating an altitude 
of 35.14 km (115 300 ft). Nominal real-gas stagnation conditions during the 
experimental program were 2.89 MN/m^ (28.5 atm) and 2180 K (3925^)# and the 
free jet exit Mach nun±>er was 6.08. The unique relationship between the scram- 
jet model and the test facility created problems not usually encountered in 
wind-tunnel tests of aerodynamic models. One such problem was an interaction 
between the facility and the model when hydrogen fuel was injected into the 
engine airflow. This interaction caused increased scramjet drag as well as 
inlet unstarts at the higher fuel flow rates. 

The operating characteristics of the Langley Mach 7 Scramjet Test 
Facility are discussed in this report. The facility and the scramjet model 
are described# facility performance is documented# and the facility-model 
interaction and the techniques used to minimize it are discussed. 


SYMBOLS 

Dimensional quantities are presented in both the International System of 
Units (SI) and U.S. Customary Units. Measurements and calculations were made 
in U.S. Customary Units. 

Aq scramjet inlet area normal to flow direction 

Cp specific heat at constant pressure 

D 

Cn 1 fuel-off scramjet drag coefficient# — — 

qiAc 

D fuel-off scramjet drag 

E arc voltage 

F axial force cxi scramjet 

h enthalpy 

H scramjet inlet height 

I arc current 


2 


total facility air mass flow cate (A-| + Ap^) 
M Mach number 

p pressure 

q dynamic pressure 

^ heat transfer rate pec unit area 


Q 

'eff 

Rl 

s' 

T 

V 

X 

y 

Y 

af 

At 

p 

<*>inj 


cooling-water heat transfer rate 
effective radius 

unit Reynolds number at facility nozzle exit 

axial distance from sccamjet sidewall leading edge (fig. 17) 

temperature 

velocity 

distance in axial direction 
distance in vertical direction 
ratio of specific heats 

change in engine force from fuel-off to fuel-on condition 

change in exit cooling-water tenpecature between arc-off and arc-on 
conditions 

dens ity 

injected fuel equivalence ratio 


Subset ipts: 

arc electric arc 

arc air air «diich passes through electric arc 
byp air bypass air added downstream of arc heater 

c per ipheral nozzle 

cabin test cabin in %diich model is mounted 


DE 


downstream electrode 



h hot* flow nozzle 

H 2 O cooling water 

ph peripheral- nozzle airflow 

PL plenum 

PR plenum rings 

run during arc-on 

start prior to arc-on, but with facility air flowing 

t,1 facility stagnation condition 

t,2 stagnation condition behind normal shock 

TH throat of nozzle 

UE upstream electrode 

°° free-stream static conditions ahead of aircraft bow-shock wave 

1 static conditions upstream of scramjet inlet and at facility nozzle 

exit 


LANGLEY MACH 7 SCRAMJET TEST FACILITY 

The Langley Scramjet Test Facility (STF) is an electric-arc- heated facil- 
ity with air as the test gas. j^proximately one-third of the facility airflow 
passes through the heater; the ronainder is added downstream of the heater. 

Frc»n this mixing chamber, the test air is expanded in a contoured nozzle to the 
test section where it exits as a free jet. The flow is then diffused to a sub- 
sonic velocity, cooled by an aftercooler, auid exhausted to a vacuum sphere. A 
history and general description of the STF is given in reference 7. Figure 2 
is a scaled elevation view of the tunnel circuit; figure 3 is a schematic of the 
test set-up; and figure 4 is a photograph of the arc heater, nozzle, test sec- 
tion, emd model. A brief description of the present facility configuration is 
presented in the following section. 


Major Support Systems 

A schematic of the major support systems required for conducting scr^unjet 
engine tests in the STF is shown in figure 5. These systems include high- 
pressure air, electrical power for the arc heater, high-pressure deionized cool- 
ing water, vacuum system, hydrogen fuel system, and model injection system. 

Air .- Three high-pressure air lines enter the STF. All cone from a 
34.58-MN/m^ (5000-psig) bottle field and are regulated to the desired supply 
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pressure at the facility. The air line labeled "A" in figure 5 supplies air to 
the arc heater at a nominal flow rate of 0.73 kg/s (1.62 Ibi^/s) . Line "B" sup- 
plies bypass or mixing air which enters the flow just downstream of the heater. 
This unheated air is used to dilute the arc-heated flow to obtain the desired 
total enthalpy. The noninal value of this bypass airflow during the scramjet 
tests was 1.56 kg/s (3.45 ltxi(/s) . 

Air from the line labeled "C" does not enter the heated flow nozzle. 
Instead, it flows as unheated air through a peripheral nozzle which enshrouds 
the hot-flow nozzle on the sides and bottom (fig. 3). Flow rates through this 
line could be as high as 9.07 kg/s (20 Ibnv/s) , but they were varied during the 
tests as is discussed sidssequently. 

Electrical power .- Electric power to heat the air in the electric arc is 
provided by two 10-MW power supplies connected in series so that up to 20 HW of 
dc power is available in the arc-heater circuit. Each power supply consists 
of an array of ac transformers and silicon diode rectifiers. .hout one-half 
of the available power is dissipated in ballast resistors, which are necessary 
to achieve arc stability. During the tests, the total ballast resistance 
was varied from 1.53 ohms to 1.67 ohms. Nominal voltage across the arc was 
4440 volts at a current of 2200 amperes for a nominal arc power of 9.77 MW. 


Cooling water .- Arc-heater components, the plenum chamber, and the throat 
are cooled with deionized water (Resistivity •• 300 000 ohm-cm) fr(xn a tank capa- 
ble of storing 189 271 L (50 000 gal). A pump driven by a 2.24-MW (3000-hp) 
motor supplies the water to the components at pressures up to 9.75 MN/m^ 

(1400 psig) . Supply manifold pressure during the scramjet tests waa 7 MN/m^ 
(1000 psig), auid return manifold pressure was approximately atmospheric. 

Total flow to all components was 66.86 L/s (1060 gal/min) . 

Vacuum .- The airflow from the facility exhausts into a 30.48-m (100-ft) 
diameter vacuum sphere. The sphere is isolated from the tunnel circuit by a 
91.44-cm (36-in.) diameter butterfly valve. Prior to a scramjet test, the 
sphere was evacuated to 138 N/m^ (0.020 psia) by a three-stage steam ejector. 

The steam ejector uses 3.28 kg/s (26 000 Ibm/hr) of steam when all three stages 
are in operation. 

Hydrogen fuel .- Gaseous hydrogen is supplied to the scramjet engine from 
a 0.89-m^ (31.46-ft^) storage bottle located on the roof of the building above 
the engine. Maximum bottle pressure during the test series was 4.93 MN/m^ 

(700 psig). This bottle is recharged as required through a 6.35-nni (0.25-in.) 
diameter line frmi remotely located trailers. 

The control valves for the hydrogen system are also located on the roof. 

The hydrogen flows through a continuous line (welded joints) in the test roexn 
into an instrumentation box above the test section and is injected from the 
three instream struts in the scramjet. Fuel flow is controlled automatically 
during a test by a cam-type control unit at preselected flow rates, or the fuel 
flow can be varied continually by manually controlling the regulated supply 
pressure. Fuel lines were purged with gaseous nitrogen before and after each 
test as a safety measure. 
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Hodtl injection .-’ A hydraulic nodel Injection systea is located in the 
instrumentation box above the test section. The model is injected after tunnel 
flow is established in order to protect model heat-transfer gauges during arc 
initiation. The stroke of the injection cylinder is 30.48 cm (12 in.). The 
hydraulic supply pressure can be varied up to 20.79 MN/m^ (3000 psig)» and the 
model insertion rate is directly proportional to this pressure. During these 
tests, the hydraulic pressure was 5.62 MN/m^ (800 psig) . which resulted in an 
injection time of 2.5 seconds with a 11.77 m/s^ (38.60 ft/s^) acceleration. The 
last 1.27 cm (0.5 in.) of travel was used to cushion the injection. Removable 
shims on the injection cylinder permitted the injected position of the engine 
relative to the facility nozzle exit to be changed as required from run to run. 


Tunnel System 

Arc heater .- The test stream is heated to the desired stagnation condition 
with an electric arc. This arc heater consists of two coaxial cylindrical cop- 
per electrodes (fig. 6) separated by an electrically Insulated air-inlet cham- 
ber. It is similar in design to the arc heater described in reference 8. The 
upstream electrode (the anode) is 61.29 cm (24.13 in.) long with an inner 
diameter of 9.7 cm (3.82 in.) and an outer diameter of 11.43 cm (4.50 in.). The 
upstream end of this electrode is closed. The downstream electrode (the cath- 
ode) is 108.43 cm (42.69 in.) long with an inner diameter of 5.89 cm (2.32 in.) 
and an outer diameter of 7.32 cm (2.88 in.). The heater was operated during the 
present tests with the upstream electrode ncxninally 2390 volts above ground and 
the downstream electrode 2050 volts below ground. This necessitated insulating 
both electrodes from ground. A 0.89-mm (0.035-in.) diameter steel rod was used 
initially between the electrodes as a starter to establish the arc. Water- 
cooled magnetic- field coils help to stabilize the arc and limit the arc length 
to approximately 137.16 cm (e.S ft). The air through the arc is swirled tangen- 
tially into the air-inlet chamber between the two electrodes from twenty 1.85-mm 
(0.073-in.) diameter orifices. This swirl, together with swirl created by the 
interaction of the electric arc with the magnetic field, rotates the arc for 
increased arc stability and also spreads the intense heating rate of the arc 
attachment region over a greater electrode surface area. The arc heater 
operated in a dependable manner during this test series with few problems. 

Air, flowing at a rate of 0.73 kg/s (1.62 Ibm/s) , was heated by the arc to 
an enthalpy of approximately 8.11 MJ/kg (3490 Btu/lbm) and an associated tem- 
perature of 4722 K (8500^R) at the exit of the downstream electrode (fig. 6). 

At this location, 1.56 kg/s (3.45 Ibm/s) of ro<»n-temperature air was injected 
radially into the arc-heated air from twenty-four 3.56-mm (0.140-in.) by 1 .65-mro 
(0.065-in.) rectangular slots located between rings 1 and 2 and rings 2 and 3 
of three plenum rings which are used to increase the inner diameter from that 
of the downstream electrode (5.89 cm (2.32 in.)) to that of the plenum chamber 
(26.35 cm (10.38 in.)). (See fig. 7.) This mixing scheme was necessary to 
obtain the test total enthalpy because the arc heater could not process the 
total facility mass flow rate without arc blowout. The resulting mixture, 
after plenum and throat losses were subtracted, had a ncxninal total enthalpy 
of 2.51 H7/kg (1080 Btu/lbm) and a temperature of 2180 K (3925°R). At a flow 
rate of 2.30 kg/s (5.07 Ibm/s) , the hot-test gas passed through the 3.56-nn 
(0.140-in.) by 24.1 3-cm (9.5-in.) throat of the two-dimensional, contoured noz- 


6 



zle> which produced a free jet exit flow at Mach 6.08 and a nominal stagnation 
pressure of 2.89 MM/m^ (28.5 atm). 


Facility nozzles .- The test air# %fhich was heated to a Mach 7 enthalpy 
levels was expanded from the plenum chamber through the two-dimensional con- 
toured nozzle (fig. 8), which was designed for a Mach 6 exit flow. (The nozzle 
was designed for a total pressure of 3.04 MN/m^ (30 atm) and a total temperature 
of 2222 K (4000°R) , with the assumption that the flow was chemically frozen but 
in vibrational equilibrium.) This technique simulated the aircraft bow-shock 
wave precompression of a vehicle flying at Mach 7 with a Mach 6 flow at the 

scram jet inlet. Assuming equilibrium flow (effects of frozen chemistry are 

negligible ) , the nominal exit Mach number for the conditions of this test series 
was 6.08. The top and bottom surfaces of the nozzle are contoured and all four 
surfaces were corrected for boundary-layer growth. The nozzle geometric exit 
area was 30.48 cm (1 2 in.) high by 27.18 cm (10.7 in.) wide (calculated 
boundary-layer displacement thickness at the exit is about 1.52 cm (0.6 in.)). 

A£ shown in figures 3 and 8, a second peripheral nozzle is used to expand 

unheated air along the sides and bottom of the hot-flow nozzle. The exit height 

of this nozzle was 13.97 cm (5.5 in.) and the nozzle exit Mach number was 3.85. 
The purpose of this peripheral flow was to permit testing of larger models by 
increasing the usable cross-sectional area of the center-heated flow without 
the necessity of heating a larger supply of air. The intent was to match the 
static pressures at the exits of the hot-flow and peripheral-flow nozzles so 
that no disturbance (wave) would originate at this juncture which could affect 
engine performance. With this techniquer any disturbances would occur at the 
outer perimeter of the peripheral-flow nozzLe> thus effectively enlarging the 
usable hot-flow field. Design considerations for this type of hot-core nozzle 
concept are presented in reference 9. 

During the experimental program, tests were conducted with the exit pres- 
sures of the two flows unmatched. Nozzle extensions (fig. 3) were then added 
to prevent nozzle-exit disturbances from entering the screunjet inlet. This 
aspect is discussed in more detail in a subsequent section. 

Test section, diffuser, and aftercooler .- After exiting the hot-flow nozzle 
at Mach 6.08 as a free jet, the test air flowed over and through the scraunjet 
model, which was mounted in the 1.22-m (4-ft) diameter test section. In order 
to simulate the boundary-layer ingestion associated with engine-airfraune inte- 
gration, the engine was aligned with the top surface of the hot-flow nozzle as 
shown in figure 3. Thus, the facility-nozzle top-surface boundary- layer air 
was ingested by the engine model. This simulated the ingestion of the aircraft 
forebody boundary layer by a flight engine. The remaining three sides of the 
engine inlet did not ingest any facility-nozzle boundary-layer air. 

As the flow passes through the 1.22-m (4-ft) diameter, 10.24-m (33.6-ft) 
long, straight-pipe diffuser section downstream of the test section (fig. 2), 
mixing occurs between the hot flow from the facility nozzle, the engine exhaust 
gases, the unheated peripheral nozzle flow, and the surrounding aunbient air. 
Downstream of the straight-pipe section, the diffuser expands in a conical sec- 
tion 7.44 m (24.4 ft) long to a dieuneter of 3.00 m (9.83 ft). The large- 
diameter section contains an aftercooler (air-to-water heat exchange) consist- 
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ing of 676 finned* 4.83-cm (1.9-ln.) diameter cooling-water tubes. The finned 
sections of the cooling-water tubes are 1 .83 m (6 ft) long with 338 180^ bends 
(one bend joining each pair of tubes) facing the oncoming flow. This after- 
cooler cools the tunnel flow to approximately 361 K (650^8) prior to its entry 
into the 30.48-m (100-ft) diameter vacuum sphere. 


Facility Instrumentation and Data Reduction 

The facility was instrumented with 45 sensors. Pressures were measured 
in the arc heater* plenum chamber* test section* diffuser* and vacuun sphere. 
Pressures were also measured at the nozzle exits and downstream of the after- 
cooler. To characterize the flow upstream of the nozzle throat* an energy 
balance on the airflow through the arc heater and plenum chamber was performed. 
To accomplish this* it was necessary to measure arc voltage* arc current* 
cooling-water flow rates and temperature increases AT* and heater and bypass 
airflow rates. Facility data were recorded on a magnetic tape system at a rate 
of 200 points per channel per second. 

After a test* the magnetic tape from the 45-channel data syston was trans- 
ported to Langley's central computer center. These data were then reduced to 
facility pressures* temperatures* volume flow rates* etc.* using preprogrammed 
calibrations. In addition* existing software was used to calculate various 
parameters such as mass flow rates* total enthalpy* aTrc-heater component heat 
losses* etc. All data were tabulated as a function of time* and selected param- 
eters wert plotted as functions of time. 


SCRAHJET MODEL 

The scramjec model which was used in the test series is shown in figure 9. 
The external cover plates have been removed to reveal instrumentation leads and 
cooling-water lines (fig. 9(a)). The engine model was constructed entirely of 
oxygen-free* high- conductivity copper and weighed ?"’2 kg (600 lb). It was heat- 
sink cooled except for water cooling in high heat-tiux areas such as leading 
edges* fuel- inject ion struts* and portions of the combustor. Design details of 
the model are contained in reference 5. 

The model has a projected inlet height of 20.32 cm (8 in.) and an inlet 
width of 16.26 cm (6.4 in.); overall length of the engine is 1 51 cm (59.5 in.). 
Sidewall leading edges and fuel- injection struts are swept at 48^* and the 
bottom of the inlet is open to permit flow spillage for easier inlet starting. 

At an inlet Mach number of 6* 94 percent of the airflow approaching the inlet 
is captured* the effective inlet contraction ratio is 7.4, the inlet total- 
pressure recovery ratio is 0.65* and the scramjet combustor entrance Mach number 
is 3.1. (See ref. 10). The scr 2 unjet-engine nozzle exit area is equal to the 
inlet area; that is, there is no simulation of the nozzle extension along the 
vehicle afterbody. 

Hydrogen fuel is introduced into the engine from three instream struts 
(fig. 9(b)) which serve to complete the inlet compression process as well as 
to provide additional surfaces for fuel injection. Fuel injection from dis- 
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Crete sonic orifices in various combinations perpendicular and parallel to the 
air stream (as indicated In fig. 1 ) can be employed. The majority of the tests 
reported herein were conducted with all-perpendicular fuel Injection. This was 
done because of the potential for higher performance at this Mach number with 
the more rapid mixing obtained with all-perpendicular fuel injection. Stoichio- 
metric hydrogen fuel Injection for the nominal test condition was 0.0276 kg/s 
(0.0609 lbm/8). 

Engine Internal instrumentation consisted of 93 static-pressure orifices, 

46 Gardon-type (ref. 11) heat-transfer gauges, and 106 chromel-alumel thermo- 
couples. External instrumentation consisted of static-pressure taps located on 
the sidewrll and cowl forward-facing surfaces, the underside of the inlet side- 
walls, the base of the engine, and the top of the engine. The model was also 
mounted on a one-<xxnponent force balance to measure thrust or drag. 

Data were recorded at a rate of 1 0 measurements per channel pec second on 
a 21 7 -channel system wired directly Into Langley's central computer system. 

The data were reduced to pressure, temperature, heating rates, fuel flow rates, 
model force, etc., using existing software. All reduced data were returned to 
the test engineer tabulated as a function of time with selected parameters plot- 
ted as a function of time. 


TEST PROCEDURE 

A preiun checklist is used to set up the various systems in the Langley 
Mach 7 Scramjet Test Facility (STF) such as air, electrical power, cooling 
water, vacuum, hydraulics, hydrogen fuel, and data acquisition. At the point 
in the checklist where the tunnel circuit pressure had been lowered to less 
than 689 N/m^ (0.100 psia) , a "wind-off" data xero from the force balance 
was recorded while the scramjet model was in the normal test position. At 
the same time, data zeroes were recorded from the model pressure transducers 
which were exposed (on a separate vacuum system) to a pressure less than 1 4 N/m^ 
(0.002 psia). All pressure transducers viere then calibrated against the read- 
ing of a quartz-crystal pressure standard. 

After the prerun checklist was completed, a check run was made in me 
facility with all systems functioning except electrical power, hydrogen fuel, 
movie cameras, and the data systems. Although these systems were not in opera- 
tion, the timing of the sequencers controlling them and all other systems were 
checked during this period. If all systems performed as expected during the 
check run, final preparations for a "hot" test were completed. 

After cooling water was brought on manually, a switch was activated, and 
the subsequent hot-test sequence of events was completely automatic. These 
events were controlled by three cam systems, an autosequencer, and several 
timers, all of which were preprogrammed. The teat sequence was as follows: 

(1 ) Data systems on 

(2) Cameras on 
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(3) Airflow on 

(4) Pctpucg* hydrogon lln«i with nitrogen 

(5) Electric arc on 

(€) Inject scranjet model into teat stream 

(7) Obtain fuel'Off scramjet data 

(8) Hydrogen fuel on 

(9) Obtain fuel*on scramjet data 

(10) Hydrogen fuel off 

(11) Poetpurge hydrogen lines with nitrogen 

(12) Electric arc off 

(13) Airflow off 

(14) Cameras off 

(15) Data systems off 

(16) Retract model 

Arc-on test times during this test series ranged up to 25 seconds. After the 
test, the cooling-water flow was terminated and a postrun checklist was used 
to secure all facility systems. 


FACILITY PBRPCHMANCE 
Total Enthalpy 

Total enthalpy measurement in a hot- flow facility such as the STF, where 
total temperatures can range up to 2222 R (4000^), is a difficult task. Any 
enthalpy determination technique must be examined carefully, relative to the 
particular facility flow situation, in order to assess its potential accuracy. 
Pour methods have been used to determine total enthalpy in the STP. These are 
the energy balance technique, the equilibrium sonic-throat method, a total- 
temperature probe, and measurements of test-stream pitot pressure and 
stagnation-point heating rate. 

Energy balance .- The energy- balance technique can be expected to yield 
reasonably accurate values of total enthalpy when applied to the STP arc heater 
because of the high efficiency of the heater (*55 percent) . The flow from 
heaters with lower efficiencies (10 percent, for instance) cannot be accurately 
analysed using an energy balance because small errors in cooling-water AT, 
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water flow rater arc power r etc.# would cause large errors in the estimates of 
total enthalpy of the gas flow. 

Using the energy-balance techniquer air total enthaloy at the STP nozzle 
throat was calculated as follows t 


'‘trl 


(mh)arc air t®I>arc («h)byp * (Qo£ +005 + Qpp + QpL + Qra> 

a — - — - - — 


mi 


(1) 


where the losses to the individual water-cooled co*'ponents are computed using 


Q • (Acp ADhjO 


( 2 ) 


This equation assumes steady-state conditions since no heat-storage terms are 
included. Steady test-flow conditions in the facility were achieved less than 
one second after arc initiation; however, all runs were at least 10 seconds in 
length. This permitted heater-component cooling-water AT's to reach steady 
state for use in the energy-balance equation. All other quantities were con- 
stant during the test. 

The energy content of the supply air and energy added by the electric arc 
is accounted for as follows: 


Losses to the upstream electrode, percent 9.2 

Losses to the downstream electrode, percent 29.4 

Losses to the plenum rings, percent 0.3 

Losses to the plenum chamoer, percent 2.0 

Losses to the nozzle throat, percent 3.8 

Energy in the tect air, percent 55.3 

Total, percent 100.0 


Sonic-throat method .- The sonic-throat technique for determining total 
enthalpy is discussed in detail in reference 12. Rapidly expanding air 
approaching the nozzle throat can be in an equilibrium, a frozen, or a non- 
equilibrium state. Analyses in reference 12 indicate that the heated air in 
the STF should be in vibrational and chemical equilibrium as it approaches the 
facility nozzle throat. Therefore, the equilibrium sonic-throat method was 
used at the conditions in the STF rather than the method for frozen flow. 

The pressure-rise sonic-throat technique (ref. 12) was used to estimate 
throat total enthalpy. Facility air mass flow rate was constant before and 
during arc-on conditions; therefore, addition of heat to the air was the sole 
cause of stagnation-pressure rise. Corrections were made for variations in 
throat discharge coefficient (betvreen arc-on and arc-off conditions) and throat 
heat loss as discussed in reference 12 . 
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As noted in reference 13r swirl of the air in vortex-stabilized arc 
heaters can introduce uncertainties in the sonic-throat method by inducing 
radial pressure gradients in the heater and plenum chamber which complicate the 
determination of throat discharge coefficient. In the STF» the air that passes 
through the arc heater is swirled into a cheunber between the electrodes. How- 
ever , the bypass air is injected radially into the flow exiting the heater. 

With this flow situation^ the outer-wall (measured at the beginning of the noz- 
zle) and center-line values (measured at the upstream end of the heater) of 
p^^l agree within 7 percent or less when room-temperature air flows through the 
heater before the arc is fired. This indicates that the swirl component is 
diminished by the radial injection of the bypass flow (the pressure difference 
from the center line to the wall is much greater if no bypass air is added to 
the swirled-in arc air). During hot flow (with the electric arc on and the 
magnetic field energized) , the center-line and wall values of pressure normally 
agree within 1 to 2 percent. It should be noted, however, that for a given 
mass flow rate, the difference between wall and center-line pressure in a swirl- 
ing flow is a function of throat size and throat geometry. To min^'mize any 
uncertainties due to swirl, average values of center-line and outer-wall pres- 
sure were used in the sonic-throat method. 

Total- temperature probe .- During a series of arc-heater calibration tests 
in the STP, a total-temperature probe was mounted in the flow just downstream of 
a temporary throat. (See fig. 10.) The thermocouple was annealed iridiuro- 
iridium/40 percent rhodium which had been calibrated up to 1944 K (SSOO'^R) in 
a blackbody furnace against a National Bureau of Standards platinum-platinunv' 

13 percent rhodium thermocouple in an argon atmosphere. The probe was designed 
to minimize velocity, conduction, and radiation losses. (See ref. 14.) Calcu- 
lations indicated that these losses caused the probe to read about 67 K (1 20*^) 
low at a total temperature of 1806 K (3250°R). Corrections for velocity, con- 
duction, and radiation losses were added to the raw thermocouple data which 
ranged from 1575 to 1936 K (2835° to 3485°R) . It must be noted, however, that 
the radiation correction is subject to error caused by changes in thermocouple 
emissivity due to plating of copper oxide onto the thermocouple bead. The 
accuracy of the corrections for velocity losses and heat conduction is also 
uncertain at these temperature levels. The corrected total temperature, 
together with measured plenum pressure, was used to estimate total enthalpy. 

A comparison of total enthalpy at the throat as determined from the 
energy-balcince measurement, the sonic-throat method, and the total-temperature 
measurement is shown in figure 11. The energy-balance and sonic-throat methods 
are in relative agreement, but the thermocouple indicates lower values of 
enthalpy. The energy-balance technique was the primary method used to determine 
total enthalpy in this investigation. The method is independent of the kinetic 
state of the gas and yields accurate results because of the high efficiency of 
the heater. 

Stagnation-point pressure and heating rate .- The total enthalpy in the 
facility test section is the same as that at the throat if the gas has expanded 
adiabatically through the nozzle. This assumption is commonly used; however, 
an attempt to verify it in the STP has been made using nozzle exit pitot pres- 
sure and stagnation-point heat-transfer rate. Both measurements were obtained 
using 7.94-mm (0.313 in.) diameter, flat-faced, cylindrical probes mounted on 
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rakes. The stagnation-point heating rates were measured using Gardon gauges. 
(See ref. 11 . ) 

The total enthalpy at the various points where the probes were located was 
calculated as follows: 


/^eff 

q ./ = 0.0461 (ht 1 - 130) 

K Pt,2 


where is in ft^ 4 is in Btu/ft^-sec# Pt,2 is in atm, and h^^*l 

in Btu/lbm. This equation is of the form given in reference 15; however, 
effective probe radius was obtained experimentally from calibration tests 
a ceramic-heated facility where the total enthalpy of the flow was well 
established. 

A comparison of the point measurements of total enthalpy at the nozzle exit 
with the bulk enthalpy from the equilibrium sonic-throat method is shown in fig- 
ure 12. Although the area-weighted average enthalpy determined from the probe 
measurements is less than the sonic-throat value (as expected, because of 
boundary- layer heat losses), the flow-core enthalpies are in relatively good 
agreement. Thus* within the accuracy of both methods, throat values of total 
enthalpy are valid in the test section. 


(3) 


xs 

the 

in 


Nozzle Exit Conditions 

For the scram jet- engine test series, hot-flow nozzle exit conditions were 
obtained by assuming equilibrium flow through the nozzle and using measured 
pitot pressure, plenum pressure, and throat total enthalpy. The probable exis- 
tence of nonequilibrium flow through the nozzle is recognized, but effects of 
chemical nonequilibrium or freezing would be negligible at these test condi- 
tions* Freezing of the vibrational modes of the diatcxnic molecules in the test 
air is probable, but it would have relatively small effects on the flow param- 
eters. However, since no measurements were obtained which clearly indicated 
departure from equilibrium, the flow was assumed to be in equilibrium* The exit 
pitot pressure was measured with a probe mounted beneath the engine, which was 
in the center of the hot flow when the model was retracted* As is shown in a 
subsequent section, the pitot profiles at the nozzle exit were relatively 
uniform- 

other nozzle exit static properties and parameters were calculated using 
curve fits to equilibrium air nozzle expansion data obtained from a computer 
program described in reference 16. The average conditions for the scramjet 
tests are as follows (maximum deviations from the average are shown only for 
the stagnation conditions): 

Pt,1 * 2.89 m/rn2 {zB.S atm) 
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^t,l 

.2,80 

^3925 

ht,l 

. 2.51 ll'll »U/kg 

^1080 

= 

2.30 kg/s 

(5.07 


1 


6.08 

1 .23 kN/m2 
297 K 

0.0144 kg/nt^ 
2100 m/s 
0.30 MJ/kg 
Yl “1*4 
qi - 31.7 KN/m2 
R-j = 1.65 X loVm 


Ml 

PI 

Tl 

P 

Vl 

^‘l 


+661 

-438 

+217 

-140 


®r] 


Btu/lbmj 


(25.6 lbf/ft2) 

(53SOR) 

(2.79 X 10-5 slug/ft3) 
(6891 ft/s) 

(128 Btu/lbm) 

(663 lbf/ft2) 

(5.02 X 105/ft) 


These average flow conditions would occur at the scraunjet inlet if the 
engine were mounted on an aircraft flying at the following conditions; 


M » 6.9 

OO 

Altitude = 35.14 km (115 300 ft) 


Forebody wedge angle = 4.7° 

= 19.3 kN/m2 (403 Ibf/ft^) 


Test-Plow Uniformity 

Pitot-pressure and stagnation-point heating-rate surveys were made in the 
test cabin to assess the quality of flow which would enter the scramjet engine. 
Two separate rakes were used for the pitot and heating-rate measurements; each 
contained 13 probes. All probes were 7.94 mm (0.313 in.) in diameter and were 
flat-faced cylinders aligned with the flow (flat face normal to flow) . The 
stagnation-point heating rates were measured with Gardon-type gauges. (See 
ref. 11 .) 

The surveys were obtained (without the scramjet in the test section) at 
the facility-nozzle exit and 57.1 5-cm (22.5-in.) downstream of the nozzle exit. 
The former survey was used to assess the uniformity of the flow entering the 
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upstream portion of the scramjet inlet« and the latter survey was used to 
assess the flow at the beginning of the scramjet cowl. 

Because of inadequate regulator control during the survey tests# the nom- 
inal value of the unheated peripheral airflow rate was 7.48 kg/s (16.5 Ibov^s). 
This resulted in a higher peripheral-flow nozzle exit static pressure than that 
of the hot flow; however, the data show the problems associated with nozzle 
exit pressure mismatching. The majority of the scramjet tests %;ere conducted 
with reduced peripheral-nozzle airflow rates as discussed subsequently. 

The pitot-pressure survey data are shown in figure 13, and the stagnation- 
point heating-rate surveys are shown in figure 14. At the nozzle exit station, 
the pitot survey was measured 6.80 cm (2.68 in.) from the vertical center line, 
and heating rate was measured both on the vertical center line and 6.80 cm 
(2.68 in.) off the center line. These measurements, which span most of the 
inlet width and all of the engine height, show a relatively uniform flow enter- 
ing the inlet. 

Both the heating-rate and pi toe surveys at the 57.1 5-cm (22.5-in.) station 
were measured 6.80 cm (2.68 in.) off the vertical center line (this is represen- 
tative of the engine internal flow width near the cowl close-off point). Both 
profiles are distorted at this station by compression waves originating at the 
nozzle exits. 

Figure 15 is a flow schematic, for the test conditions of figures 13 
and 14, which shows compression waves measured from schlieren photographs and 
their locations relative to the scramjet engine. Because of the flow ccnnplex- 
ity, wave locations were not calculated; instead, the waves from the schlieren 
jrf^otographs were traced to their approximate origins. The source of the wave 
from the nozzle top surface is the pressure difference between the hot nozzle 
exit flow and the test-cabin flow. Likewise, pressure differences exist between 
the hot and unheated flow on the sides and bottom of the hot- flow nozzle as well 
as between the unheated flow and the test-cabin flow on the sides and bottom of 
the peripheral nozzle. Therefore, compression waves also approach the engine 
from the sides of the nozzles (90° to the view shown in fig. 15). The waves 
from both directions cause the distortion of the profiles at the 57.1 5-cm 
(22.5-in.) station. The profiles shown in figures 13 and 14 and the wave sche- 
matic shown in figure 1 5 (where the engine position is shown for illustrative 
purposes) indicate a potential problem with scramjet tests in this flow if noz- 
zle exit pressures are mismatched, in particular, when the peripheral-nozzle 
exit pressure is greater -han that of the heated flow. Although the wave gen- 
erated at the top of the facility nozzle would be eliminated by the scramjet 
(this was verified by scramjet internal pressure distributions), waves from the 
nozzle bottoms and sides would impinge on the engine ahead of the cowl closure 
noint. The problem of waves interacting with the engine was solved as shown in 
a subsequent section. 
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Test*Section/Di££user Static-Pressure Distributions 

Static pressures were measured from the nozzles exits throughout the test 
section and diffuser. These pressure distributions are shown in figure 16. 

The top curve was obtained from the sane tests as the data shown in figures 13 
to 1 5 witlmut the scramjet in the flow. The other curves in figure 16 were 
obtained ifith various peripheral-nozzle airflow rates with the scramjet in the 
flow. Tie intent was to assess the effect of peripheral airflow rate on test- 
cab n .vA diffuser static pressures so that the wave system at the nozzle exit 
could l«' assessed relative to the scramjet model. During these tests, the hot- 
no/zle airflow rate was held constant at ">2.30 kg/s (S Ibm/s) . A peripheral- 
flow rat'.e of approximately 6.35 kg/s (14 lbm,/s) %fould be required to match the 
unheatei) peripheral-flow nozzle exit pressure with the nominal hot-nozzle exit 
pressure of 1.23 kN/m^ (0.178 psia) . As can be seen from the figure, at that 
piit ipheral-flow cate, the test-cabin pressure would be higher than the matched 
nc'zzle f xit pressures. Therefore, a compression wave would be generated from 
the jun< ture of the peripheral flow and the test-cabin flow, and it appears 
deslcc;b'e to operate with lower peripheral airflow rates. Have systems 
3i>proaci ing the scramjet ace discussed in the next section. 

For all of the facility flow rates shown, subsonic flow exists in the dif- 
fuser approaching the afteccooler as indicated by the increasing pressure in 
the diverging area. Diffuser pressure levels generally changed proportionally 
to the mass flow rate. At the lowest mass flow rate the pressure increased 
very little between the test section and the 10.67-m (35-ft) station in con- 
trast to the pressure increase at the higher flow rates. A comparison of data 
with and without a pitot probe attached to the scramjet shows that the addi- 
tioncil blockage of the probe caused test-section pressures to increase for a 
given value of facility air mass flow rate. 


FACILITY-MODEL INTERACTION 
Description of Interaction 

Initial tests of the scramjet were conducted with a peripheral-nozzle air- 
flow rate of 4.08 kg/s (9 Ibm/s) , that is, with peripheral-nozzle exit pressure 
less than the hot-nozzle exit pressure. Hot-flow conditions were near the nomi- 
nal conditions previously stated. Tests without hydrogen fuel indicated that 
tne tunnel and model flows were started and that the scramjet inlet pressures 
agreed with previous inlet data (ref. 10) obtained in a conventional wind tun- 
nel. (See fig. 17.; Some peak pressures in the strut region shown in the inlet 
component data v .re not detected in the engine data because of differences in 
location of pressure orifices. The agreement between the two sets of inlet 
pressure c’ .ca suggested that inlet capture, total-pressure recovery, throat 
Mach niur . ;r, etc. from the inlet tests were applicable to the engine tests. 

The fi’'st tests with hydrogen fuel injection into the scramjet (with sub- 
Fi-'^aent bvirning) were conducted with the peripheral-nozzle flow conditions 
i:.tated previously and with the nominal hot-nozzle flow conditions. The test 
model consisted of the 3cr^unjet with a pitot probe mounted beneath the engine 
(fig. 18'. Although the pitot probe and its support tig were designed to be 
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outside the test flow when the aodel was in the test position, effects of the 
probe blockage on test-cabin pressures were noted as pointed out in figure 16. 

As shown in figure 19(a), injection of a fuel equivalence ratio of 0.65 into the 
scranjet resulted in increases in the test-cabin pressure, the peripheral-nozzle 
exit static pressure, and the model drag; that is, a facility-model interaction 
occurred. Hot-flow nozzle exit pressure was not affected. Model internal inlet 
pressures (not shown) changed very little from the fuel-off values except for 
some increases near the cowl. This indicated that the origin of the interaction 
was external to t«, ; scramjet. 

With test conditions remaining the same, fuel equivalence ratio was 
increased to approximately 1.0 on the next test. The facility-model inter- 
action was more pronounced as shown in figure 19(b). Test-cabin pressure and 
peripheral-nozzle exit static pressure had larger increases than at the lower 
fuel equivalence ratio, and hot-nozzle exit static pressure also increased with 
apparent nozzle boundary- layer separation. The scramjet drag increased and the 
inlet unstarted with large increases in internal inlet pressures. 

The cause of the facility-model interaction is believed to be incomplete 
burning of t)te hydrogen fuel in the scramjet with subsequent burning downstream 
in the facility diffuser duct where the hot-engine flow, the hot-nozzle flow, 
and the unheated peripheral-nozzle flow mixed. Motion pictures confirmed that 
burning occurred in this region since impurities in the air made the hydrogen 
flame visible. The tunnel diffuser could not maintain fuel-off test-cabin pres- 
sure levels with this downstream combustion. 

With the aid of figure 20, the facility-model interaction is explained as 
follows: Consider a case where both hot-nozzle and peripheral-nozzle air mass 

flow rates remain constant while fuel flow is gradually increased (in the exam- 
ple shown, »! = 2.30 kg/s (5 Ibm/s) and = 4.08 kg/s (9 Ibm/s)). Fig- 

ure 20 shows the wave structure at the nozzle exits before hydrogen fuel is 
injected into tlie scramjet. Expansion waves from the hot-flow and perifAieral- 
flow junctures sweep across the cowl forward-facing surfaces. However, a weak 
shock also sweeps this surface. As the test-cabin pressure increases with 
increasing fuel flow rate, the shock wave from the juncture of the peripheral- 
flow nozzle and the cabin becomes stronger, and its intersection point on the 
scramjet moves upstream and encompasses more of the cowl forward-facing surface. 
Waves striking this surface are responsible for the increases in scramjet drag 
when fuel is injected. At cabin pressures below those necessary to unstart the 
peripheral-nozzle flow, this shock wave is turned away from the model (as in the 
case shown in fig. 20) when it intersects the slipstream emanating from the 
juncture of the hot and unheated flows. This shock will be further weakened if 
it intersects the expansion wave in the hot flow. (This argument is partially 
qualitative because of the extremely complicated nozzle exit flow, which includes 
mixing between heated and unheated flows as well as shock waves, expansion 
waves, and slipstreams, all intersected at 90° by similar waves from the sides 
of the nozzle.) 

As more fuel is injected and the cabin pressure rises above the value 
required to separate the peripheral-nozzle boundary layer (ref. 17), the situ- 
ation relative to the model changes drastically. Shocks form upstream in the 
peripheral-flow nozzle and, in addition, the static pressure at the peripheral- 
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nozzle exit exceeds the static pressure at the exit of the hot-flow nozzle* 
Then a shock wave in the hot flow emanates towards the model (i.e.f when 
Pph ^ Pi ) • still higher cabin pressures, this shock wave intersects the 
inlet upstream of the cowl closure point and, eventually, both the hot-nozzle 
flow and the inlet flow unstart. 


Effects of Nozzle Extensions 

The first attempt to remedy the facility-model interaction problem con- 
sisted of adding nozzle extensions to both the hot-flow and peripheral-flow noz- 
zle exits as shown in figures 3, 21(a), and 21(b). (To decrease flow blockage, 
the pitot probe mounted beneath the model was removed.) The extensions were 
designed to extend the beginnings of the nozzle exit compression (or expansion) 
waves downstream, preventing wave impingement on cowl forward-facing surfaces 
and possible entry into the scramjet inlet. 

The extensions were successful, at the lower values of fuel equivalence 
ratio, in decreasing the amount of facility-model interaction. This is evident 
in figure 22, where cabin pressure, peripheral- flow nozzle exit pressure, and 
scramjet drag are ccxnpared for a fuel equivalence ratio of 0.65 with and with- 
out nozzle extensions (peripheral-airflow rate was 4.08 kg/s (9 Ibm/s) in 

Pph 

both cases; therefore, < 1 since the match point vrould occur at 

Pi 

™ph ~ 6.35 kg/s (14 Ibm/s)). Note that with extensions, the peripheral-nozzle 
pressure (which was now measured further upstream because of the extended noz- 
zle exit) was not affected when fuel was injected, even though test-cabin pres- 
sure did increase. This indicates that the disturbance in this nozzle was moved 
downstream by the extension on the peripheral-flow nozzle. Negligible increases 
in scramjet drag were noted with this level of fuel injection; however, at 
higher fuel equivalence ratios, facility-model interaction did occur again and 
scramjet drag was increased. Drag increases at a given fuel equivalence ratio 
were always less with the nozzle extensions than without the extensions. It 
should also be noted that zero-fuel drag was less with the extensions 
(fig. 22(b)) than without them (fig. 22(a)). With the extensions added to the 
nozzles and with the pitot probe removed, scramjet inlet unstart could not be 
made to occur, even for injected fuel equivalence ratios as high as 1.2; how- 
ever, without the extensions and with the pitot probe installed, unstart 
occurred at fuel equivalence ratios of about 1 . 

Engine internal pressures and heating rates showed little evidence of burn- 
ing inside the scramjet. This lack of internal combustion perhaps contributed 
to tne facility-model interaction problem (because the fuel burned downstream in 
the facility diffuser). However, the course of action at this point in the test 
progreun was to solve the interaction problem without making internal scramjet 
geometry changes to enhance combustion in the scramjet. 
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Effects of Decreasing Peripheral->Airflow Rate 

Since the addition of nozzle extensions was only partially successful in 
alleviating the facility-model interaction problem, efforts turned to finding a 
method of eliminating, or minimizing, the test-cabin pressure rise associated 
with hydrogen fuel injection into the scramjet. This could be accomplished with 
a modification designed to make the facility diffuser more efficient. The same 
effect, however, was achieved by reducing the total mass flow rate passing 
through the tunnel diffuser, that is, by reducing the peripheral-airflow rate. 
Peripheral-nozzle airflow was varied over a series of tests with values of 4.08, 
2.72, and 0.59 kg/s (9, 6 , and 1.3 1I»q/s} . Measured test-section and diffuser 
pressures for these peripheral-nozzle airflow rates with no hydrogen fuel injec- 
tion ace shown in figure 16, where the heated air mass flow rate was nominally 
2.30 kg/s (5 Ibm/s) . 


Test-section and diffuser pressures with hydrogen fuel injection for these 
same peripheral-nozzle airflow rates (with the exception of the 7.48 kg/s 
(16.5 Ibm/s) peripheral-flow rate) are shown in figure 23. The zero-fuel pres- 
sure distributions from figure 16 are also plotted and connected by the solid 
lines. The injection of hydrogen fuel increases the level of the test-section/ 
diffuser pressure distributions at most stations for all three peripheral- 
nozzle airflow rates. However, the test-cabin pressure is affected more by a 
given increase in fuel- inject ion cate at the higher peripheral-nozzle airflow 
rates than at the lower airflow rates. In addition, the test-cabin pressure is 
always less than the nominal hot-flow nozzle exit static pressure regardless of 
the zunount of fuel injected at the lowest peripheral-airflow rate of 0.59 kg/s 
(1 .3 Ibm/s) . 

The pressure at the 10.67-m (35-ft) station is always significantly higher 
than test-section pressure (even without fuel injection) except for the 
0.59-kg/s (1.3-lbm/s) case. At the highest fuel equivalence ratio, the pres- 
sure at this station did show a large increase for the low pecij^ecal-flow case, 
perhaps indicating burning farther upstream in the diffuser duct. The data 
(figs. 16 and 23) indicate that the pressure at the 10.67-m (35-ft) station is 
sensitive to both fuel equivalence ratio and flow blockage. 


The effect on test-cabin pressure and scramjet drag caused by a change 
in airflow cate at a fixed value of fuel equivalence ratio is illustrated 
in figure 24. in this test, the peripheral-flow rate was initially 4.08 kg/s 
(9 Ibm/s) . Mo nozzle extensions were used, and no pitot probe was mounted 
beneath the scramjet. Test-cabin pressure was 1.59 kN/m^ (0.230 psia), and 
scramjet drag was 284 N (64 Ibf) prior to fuel injection. When fuel was 
injected into the screunjet at an equivalence ratio of ^l .05, interaction 
occurred with cabin pressure increasing to 2.90 kN/m^ (0.420 psia) and scramjet 
drag increasing to 383 N (86 Ibf). Next, peripheral-airflow rate was reduced 
to zero with the fuel-injection cate of 1.05 times the stoichiometric rate 
maintained. Note the immediate drop in cabin pressure, which eventually reaches 
0.14 kN/m^ (0.020 psia). Scramjet drag decreased to 200 N (45 Ibf). After fuel 
injection was terminated, scramjet drag increased very little, indicating poor 
combustion of the hydrogen fuel in the scramjet. 
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The dependence of test-cabin pressure on perii^eral-noszle air mass flow 
rate and on fuel equivalence ratio is shown in figure 25. Open symbols are 
data obtained with no pitot probe in the flow, and shaded symbols are data 
obtained with a pitot probe in the flow. The nominal hot-flow and peripheral- 
flow nozzle exit static pressures are shown for reference. 

Test-cabin pressure, at a given value of peripheral-flow rate, is always 
greater than peripheral-flow nozzle exit pressure. Therefore, a shock wave 
always emanates towards the model from the peripheral-flow/cabin-flow juncture. 
With a pitot probe attached to the scramjet, test-cabin pressure increases to 
the point at which separation of the peripheral-flow boundary layer is possible 
(ref. 17) when mph * 4*08 kg/s (9 Ibm/s) and m^ > 6.35 kg/s (14 Ibn/s) when 
^inj * lloke that cabin pressures are always greater when the pitot probe is 
in the flow, indicating a sensitivity of the total flow process to total pres- 
sure losses. 

Test-cabin pressure, at a given value of peripheral-flow rate, increases as 
the amount of injected fuel is increased. Therefore, peripheral-flow boundary- 
layer separation certainly occurs at the higher facility mass flow rates and 
becomes more likely to occur at lower peripheral-flow rates as fuel equivalence 
ratio is increased. When flow separation occurs in the peripheral-flow nozzle, 
the peripheral-flow nozzle exit pressure ranges somewhere between the unsepa- 
rated flow prebaure and the test-cabin pressure. ^8 can be seen from figure 25, 
at the higher peripheral-flow rates with large amounts of fuel injection, it is 
conceivable that the hot-nozzle flow would become separated. Even if hot-nozzle 
flow separation did not occur, a shock would certainly exist in the hot flow 
which, if strong enough, would cause facility-model interaction. 

Figure 25 also shows that, even at the high injected fuel equivalence rates 
test-cabin pressure does not exceed the hot-nozzle exit static pressure at the 
lowest value of peripheral-flow rate tested, that is, 0.59 kg/s (1.3 Ibiq/s) 
where m^ = 2.86 kg/s (6.3 Ibm/s) . Thus, if test-cabin pressure were to cause 
the peripheral-nozzle flow to separate, hot-flow nozzle exit pressure would 
still be greater than peripheral-flow nozzle exit pressure. Therefore, no shock 
waves would exist in the hot flow from the juncture of these two flows. Rather, 
an expansion fan in the hot flow would be directed towards the scramjet. 

Therefore, to eliminate the facility-model interaction, the best facility 
test mode appears to be low peripheral-nozzle flow 0.59 kg/s (1.3 Ibm/s) , nozzle 
extensions added to both nozzle exits, and minimum flow blockage. The exten- 
sions assure that no waves, including expansion waves from the hot/unheated flow 
juncture, affect scramjet drag. 

As shown in figure 26(a), fuel-off drag at the lowest perij^eral flows 
shows a slight decrease without nozzle extensions, perhaps because of the hot- 
flow expansion fan impinging on the scramjet cowl forward- facing surfaces. This 
same plot shows fuel-off drag increases at the higher peripheral flows with no 
nozzle extensions, especially with the pitot probe in the flow. These increases 
are most likely caused by shock waves impinging on the cowl forward-facing sur- 
faces. Fuel-off drag data over the whole range of peripheral-flow rate are 
relatively constant with the nozzle extensions installed (fig. 26(b)). 
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Figure 27 is a sunmary plot which illustrates the history of the elimina- 
tion of the facility-model interaction. The change in engine force from fuel- 
off to fuel-on conditions AF is plotted against ^inj* theoretical 

prediction is a goal ifhich assumes mixing-controlled reaction with all- 
perpendicular fuel injection and 100-percent combustion efficiency. Curve 1 
is from data obtained without nozzle extensions, with the pitot probe mounted 
beneath the scramjet, and with a relatively high peripheral-nozzle airflow rate, 
4.08 kg/s (9 Ibn^s) . (No inlet unstart data are shown.) Facility-model inter- 
actiCMT. is severe. Curve 2 is from data obtained at the high peripheral- flow 
rate but with nozzle extensions and without the scramjet pitot probe. Facility- 
model interaction is decreased but is still present. Curve 3 shows the elimi- 
nation of the f acili'> interaction and is from the first data showing 

reduction of scran"i(;;c drag when fuel was injected. These data were obtained 
with nozzle extensions, no pitot probe, and a low peripheral-nozzle flow rate 
of 0.59 kg/s (1.3 Ibn/s) . Thus, the interaction problem has been overcome. 
However, engine performance is low because of poor combustion of the fuel in the 
screunjet. The engine performeutce remained low during these initial scramjet 
tests while emphasis was placed on solving the facility -model interaction prob- 
lem. Tests are now in progress to improve combustion in the scramjet. 


CONCLUSIONS 

A facility for testing airframe- integrated scramjets differs from conven- 
tional aerodynamic facilities in several ways. First, in order to adequately 
perform tests with combustion, actual flight Mach number total enthalpy has to 
be duplicated and a reasonable flight altitude must be simulated. Second, sim- 
ulation of the integration of a flight engine with the vehicle undersurface 
must be accomplished by testing in a stream with a total enthalpy duplicat- 
ing flight total enthalpy but with an inlet Mach number tdiich duplicates the 
Mach number along the vehicle undersurface. Also, the engine inlet should 
ingest a portion of the facility nozzle boundary layer to simulate the flight 
situation. The following conclusions were reached using data obtained from 
facility calibration tests and initial scramjet engine tests in the Langley 
Mach 7 Scramjet Test Facility: 

1. A facility has been developed which is capable of providing simula- 
tion of Mach 7 flight conditions for tests of the airframe-integrated scramjet 
engine. 

2. The high total enthalpy of the airflow corresponding to Mach 7 flight 
conditions is difficult to measure. Throat enthalpies as determined by the 
sonic-throat method and by an energy-balance technique were in good agreement. 
However, total enthalpy determined from a total- temperature probe was less 
than that from the other methods and is more suspect because of corrections 
required to the thermocouple data. 

3. In the Langley Scramjet Test Facility, nozzle exit total enthalpy deter- 
mined from pitot pressure and stagnation-point heating rates was in agreement 
with throat total enthalpy determined by the sonic-throat method. 
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4. At the nominal test oondition during the scramjet engine tests, condi- 
tions in the facility were such that flight at a Mach number of 6.9 and an 
altitude of 35.14 km (115 300 ft) was simulated. This corresponds to a flight 
dynamic pressure of 19.3 kN/m^ (403 Ibf/ft^) . Conditions at the scramjet inlet 
were representative of a 4.7^ vehicle forebody wedge wgle. 

5. Flow entering the scramjet inlet was relatively uniform over the width 
and height of the inlet. 

6. For the test setup used, flow uniformity at the cowl closure point on 
the scramjet was a critical function of the tailoring of the nozzle exit flows 
of the heated test flow and an unheated peripheral flow, that is, matching the 
nozzle exit pressures. 

7. The facility-model interaction was eliminated by adding extensions to 
the nozzle exits and decreasing the peripheral- nozzle airflow rate to an experi- 
mentally determined acceptable level. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
January 27, 1981 
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Injection nechanism 



Figure 3.- Test arrangement in Langley Mach 7 Screunjet Test Facility. 
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Figure 8.- Scheaetic of hot-flow and per iphet el-flow 
noeelee with coordinates. 
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Figure 11.- Conparison of total enthalpy determined by several methods. 
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Determined from stagnation heat* 
transfer measurements 



Figure 12.- Air total enthalpy in facility nozzle exit plane. 
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Figure 14.- Stagnation-point heat-transfer-rate profiles «it facility nozzle exit 

and 57.1S-oi domstreas station. 






Figure 16.- Effect of peripheral- nozzle airflow rate on test-section and diffuser 
static-pressure distribution. Dimensions are in meters. 





Figure 17.- Verification of inlet start 
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Figure 21 Concluded- 
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Figure 22.- Effect of nozzle extensions on facility-aodel interaction 

(«ph “4.08 kg/s). 
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at several facility air mass flow rates. Dimensions are in meters 
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Figure 24.- Effect of peripheral-nozzle airflow rate change on 
test-cabin pressure and engine drag (m^ • 2.30 kg/s). 
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Figure 26.- Fuel-off engine drag variation with facility air mass flow rate 






